Introduction
Electron probe microanalysis (EPMA) allows localization of chemical elements to be examined in single cells and at the tissue level ( 5 ) . This method is based on measurement of characteristic X-ray spectra of the element analyzed induced from the sample by an accelerated electron beam. Many histo(cyto)chemical reactions precipitate specific products complexed with the tracing element (1,10,21). Using these deposited elements as a marker for the histochemical reaction, EPMA was employed to study the distribution and magnitude of the compound of interest (6,16, 17, 19, 20) .
The method suggested by Karnovsky and Roots (8) permits acetylcholinesterase (AChE) to be localized. This histochemical procedure is based on hydrolysis of acetylthiocholine (ACh) by AChE with local precipitation of the insoluble colored deposit of Cuferricyanide. The amount of ACh and copper (iron) precipitated by the hydrolysis reaction are in a known stoichiometric relationship. In this work quantitative EPMA was used to study AChE activity in rat brain sections treated with Karnovsky's reaction.
Materials and Methods
These studies were carried out in brain tissue from male Wistar rats weighing ~1 5 0 g. After decapitation the brain was removed and frozen at -78°C. Sections 25 pm thick were cut at -15°C in a cryostat. Cryosections were To whom correspondence should be addressed. made from a dextran standard containing a known amount of Cu(Fe). Electron probe microanalysis allows AChE activity to be assayed quantitatively on thick brain sections with a spatial resolution of 10 pm. ( J Hisrochem Cytochem 41:1795-1800, 1993) KEY WORDS: Acetylcholinesterase activity; Brain cryosection; Cuferricyanide precipitate; Quantitative electron probe microanalysis; Wistar rat. picked up on glass slides, then dried at room temperature. After drying, brain sections were incubated for 30 min and 120 min at 20°C in the medium suggested by Karnovsky and Roots (8) . The medium is made as follows: a substrate of 5 mg acetylthiocholine iodate is dissolved in 6.5 ml 0.1 M sodium-maleate buffer, adjusted to pH 6, and combined with 0.5 mlO.1 M sodium citrate, 1 ml 30 mM CuSO4, 1 ml 5 mM potassium ferricyanide, and 1 ml distilled water. After incubation the sections were washed in three changes of buffer.
For EPMA the sections prepared as described above were coated with a carbon layer 20 nm thick in a Micro BA 3 (Balzers) vacuum evaporator and examined in a JSM-U3 (JEOL) scanning electron microscope. This device is equipped with two wave dispersive spectrometers with 30' takeoff angles. The presence of the elements of interest (Cu, Fe) in brain structures was analyzed by measuring the count rate using the K alpha characteristic X-ray line of copper and iron at an accelerating voltage of 15 kV. Sample current was approximately 4.0 nA as measured on an aluminum specimen holder. X-rays were generated with a square raster kept within the analyzed structure. The sections were viewed in the secondary electron mode.
For the quantitation procedure, a dextran solution was used as a standard (14). This test object is similar in chemical composition to biological tissues and a known concentration of analyzed elements was added. Sections of the dextran standard were obtained by the technique applied to the rat brain samples. Drops of 20% dextran solution containing the same concentration of copper and iron (150 mmole/liter corresponding to 600 mmolelkg dry weight) were frozen. Then cryosections 25 pm thick were cut and freeze-dried. Next, the freeze-dried, carbon-coated sections of the dextran standard were subjected to EPMA. EPMA data were compared with the results of microspectroanalysis obtained earlier with the double-beam spectrophotometer at 486 nm and beam diameter of 50 pm (2).
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Histochemistry
Local distribution of the Cu-ferricyanide precipitate was measured with EPMA. The morphology of the section analyzed shown in Figure 1 was marked according to Paxinos and Watson (12) . The structures analyzed were observed in the secondary electron mode (Figures 2A and 3A) . The distribution of the specific elements (Cu, Fe) within the structure examined is shown in Figures 2B and 3B . It can be seen that the copper distribution was suggested (8) to correlate with that for iron. The data obtained indicate that the element contents are non-uniform within the section of rat brain.
Deposition of the elements analyzed can be caused not only by Karnovsky's reaction but also by nonspecific metal binding. To evaluate the noise induced by the nonspecific Cu(Fe) precipitation, EPMA was also performed on brain sections incubated in the absence of acetylthiolcholine substrate. The results obtained are presented in Tables 1 and 2. It should be noted that within the accuracy of the experimental method, the count of Cu(Fe) X-ray corrected for noise is stoichiometric (1:l) for all brain compartments analyzed.
Measurements of standard sections showed that under the analysis conditions a single impulse of K alpha line corresponds to element concentration of 2.4 and 1.2 pmolelg dry weight for copper and iron, respectively. These data and the stoichiometric ratio of 1:1 obtained for the characteristic X-ray generation rates in all the brain compartments analyzed allow the concentration ratio of copper to iron in histochemical deposits to be calculated as 2. The same value can be obtained from the stoichiometry of Karnovsky's reaction (Cu:FeAch = 2:1:1.5). This finding indirectly confirms the validity of EPMA applied here. 
Quuntitution
The effective penetration of the electron beam in bulk samples of soft biological tissues (expressed in units of mass thickness) at an accelerating voltage of 15 kV was shown (13) to be equal to 4.4 pmlg/cm3. If we recalculate this parameter based on the assumption that the average density of the dried brain tissue is 0.2 g/cm3. the depth of the electron penetration is equal to -22 pm. However, this value is actually less because of the increase of section density caused by the ferricyanide precipitate. For the dried dextran standard with a density of 0.25 g/cm3 this value is about 17 pm. Therefore, the depth of electron penetration is less than the thickness of the analyzed standard and tissue sections to be considered a thick section (bulk specimen). It is confirmed by the absence of SiK alpha X-ray from the glass support underlying the section analyzed.
The copper deposits were localized with EPMA (for example, in patients with Wilson's disease) (7) without the quantitation procedure. However, use of a dextran standard allows quantitative EPMA to be carried out. For thick sections of soft biological tissues, the rate of the characteristic X-ray is linear to the weight fraction of the element analyzed and is not dependent on the section thickness. Therefore, the quantitation procedure used in this study was based on the calibration of the intensity of Fe(Cu) K alpha line from the thick brain section to those from a dextran standard.
The amount of acetylthiocholine c(ACh) involved in hydrolysis with AChE was calculated from: c( ACh) = N(FeKa)*l.2*1.5
where N(FeKa) is the counts of FeK alpha line X-ray measured from the section analyzed and corrected for noise, 1.2 is the coefficient measured on a dextran standard for iron, and 1.5 is the stoichio- metric ratio between acetylthiocholine and iron for the Karnovsky's reaction. The ACh amount calculated with Equation 1 is expressed as pmole/mg dry weight. The results of the quantitative EPMA and those obtained with microspectroanalysis (2) are compared in Table 3 .
EPMA (Table 3) are consistent with the localization of the AChE activity shown in the map of putative cholinergic neurons (4) and described in detail elsewhere (3, 9, 18) . Morphological details of the elemental (Cu, Fe) distribution are limited by the spatial resolution of EPMA. For thick sections, this value was shown (13) to be calculated from:
Discussion r(E) = 2.86*E2.29*104
The results of both the local (Figures 2 and 3 ) and quantitative where a lateral spatial resolution r(E) is expressed in units of the Cortex frontalis Corpus callosum mass thickness (pm/g/cm3) and the accelerating voltage (E) in MeV. According to this equation the morphological resolution of EPMA at 15 kV for thick sections of the brain tissue is equal to 10 vm. Accuracy of EPMA requires the number of X-ray counts to be three times higher than the square root of the background counts. With respect to the data obtained (Tables 1 and 2) this means that even if the Cu-ferricyanide content was decreased bo-fold in the nucleus caudatus at an incubation time of 120 min, iron could be detected. Therefore, EPMA of Karnovsky's reaction could have more general applicability for higher-resolution studies using the techniques of thin and semi-thick sections (13J5).
The ACh amount calculated by the EPMA method is seen in Table 3 to be linearly related to the incubation period for all the active brain structures. The microspectroanalysis data correlate with that of EPMA (Table 3) . However, a linear dependence was not observed for OD468. It is seen in Tables 1 and 2 that Cu, Fe contents (Cu-ferricyanide density) vary within a wide range. This observation can explain the non-linear dependence of OD468 on the in- cubation period. The additional arrow to the OD468 measurement can be introduced by the dissipation of the light beam on the porous structure of the dried cryosection. The hydrolysis reaction rate in nucleus caudatus obtained by the biochemical method is 33 ACh pmolelmg proteinlhr for the homogenized brain tissue (11). If we calculate the AChE activity from the EPMA data based on the assumption that the weight mass of dried brain tissue is 50% protein, 1.3 ACh pmolelmgproteinlhr is obtained. Recalculation of the AChE activity in terms of the wet weight does not change the result, since the copper weight fraction measured by EPMA and the protein content would be diluted by the same degree while the dried weight is corrected to the tissue water (for brain about 80%).
The AChE activity measured with EPMA is less than that obtained biochemically. This discrepancy can not be accounted for by loss andlor by the redistribution of Cu-ferricyanide precipitate during incubation, because a sharp border is observed between the nucleus caudatus and the capsula interna (Figure 2) and between the nucleus accumbens and the commissura anterior (Figure 3) . The significant difference in the ACh amount between the structures analyzed ( Table 3 ) also does not confirm the redistribution hypothesis.
These results lead to the suggestion that the discrepancy between the AChE activity values obtained with EPMA and the biochemical method can be caused by the approaches to the evaluation of protein contents in the dried section and homogenized tissue. It is especially important for the EPMA method analyzing the AChE activity locally at the level of the single brain compartment. The changes in the experimental conditions taking place in brain sections and the homogenized tissue for AChE activity should also be taken into account.
The data obtained allow us to conclude that X-ray microanalysis provides a method for analysis of AChE activity in thick rat brain sections treated with the reaction suggested by Karnovsky and Roots (8) . The EPMA morphological resolution of 10 pm can be significantly improved by the choice of techniques of section preparation. The values of the coefficients in Equation 1 hold true for the copper and iron; nevertheless, use of a dextran standard provides a means for the quantitation procedure generally applicable to other elements tracing histochemical reactions.
